Abstract Embryonic development of the central serotonergic neurons in the directly developing frog, Eleutherodactylus coqui, was determined by using immunocytochemistry. The majority of anuran amphibians (frogs) possess a larval stage (tadpole) that undergoes metamorphosis, a dramatic post-embryonic event, whereby the tadpole transforms into the adult phenotype. Directly developing frogs have evolved a derived lifehistory mode where the tadpole stage has been deleted and embryos develop directly into the adult bauplan. Embryonic development in E. coqui is classified into 15 stages (TS 1-15; 1 = oviposition / 15 = hatching). Serotonergic immunoreactivity was initially detected at TS 6 in the raphe nuclei in the developing rhombencephalon. At TS 7, immunopositive perikarya were observed in the paraventricular organ in the hypothalamus and reticular nuclei in the hindbrain. Development of the serotonergic system was steady and gradual during midembryogenesis. However, starting at TS 13 there was a substantial increase in the number of serotonergic neurons in the paraventricular, raphe, and reticular nuclei, a large increase in the number of varicose fibers, and a differentiation of the reticular nuclei in the hindbrain. Consequentially, E. coqui displayed a well-developed central serotonergic system prior to hatching (TS 15). In comparison, the serotonergic system in metamorphic frogs typically starts to develop earlier but the surge of development that transpires in this system occurs postembryonically, during metamorphosis, and not in the latter stages of embryogenesis, as it does in E. coqui. Overall, the serotonergic development in E. coqui is similar to the other vertebrates.
Introduction
Vertebrates have two principal groups of hindbrain serotonergic nuclei, the superior or B4-B9 group and the inferior or B1-B3 group (Dahlstrom and Fuxe 1964; Lidov and Molliver 1982; Wallace and Lauder 1983; Ekstro¨m and van Veen 1984; Parent et al. 1984; Wallace 1985; van Mier et al. 1986; Jacobs and Azmita 1992) . All non-mammalian vertebrates also have serotonergic cells present in the diencephalon during embryonic development and as adults (Sano et al. 1983; Ekstro¨m and van Veen 1984; Ueda et al. 1984; Parent et al. 1984; Wallace 1985; van Mier et al. 1986 ). Diencephalic serotonergic cells are also present in adult mammals under conditions that elevate endogenous serotonin levels (Frankfurt et al. 1981; Lowry et al. 2003) . In general, serotonergic development occurs early in vertebrates. Furthermore, the neurotransmitter serotonin has also been shown to act as a regulator of early embryogenesis and morphogenesis (Buznikov et al. 2001) .
Studies on the development of central serotonergic (5-HT) systems have included several vertebrate lineages including mammals (Lidov and Molliver 1982; Wallace and Lauder 1983; Ballion et al. 2002) , birds (Wallace 1985; Sako et al. 1986; Okado et al. 1992) , amphibians (Terlou et al. 1972; van Mier et al. 1986; Clairambault et al. 1994; Woolston et al. 1994) , and fish (Ekstrom et al. 1985; Bolliet and Ali 1992; Bolliet et al. 1994; McLean and Fetcho 2004) . Investigations on anuran amphibians have focused on frogs that are tadpoles during larval maturation and undergo metamorphosis (Terlou et al. 1972; van Mier et al. 1986; Roberts 1988; Woolston et al. 1994; Takeda 1997) . Serotonergic ontogeny was examined in the African clawed-frog, Xenopus laevis, using immunocytochemistry (van Mier et al. 1986 ). Initial immunostained neurons appeared early in development, stage NF 25 (Nieuwkoop and Faber 1956) , in the rostral part of the brain stem, and descending serotonergic axons reached the level of the anus prior to the time of hatching, NF 35/36. In the neobatrachian frog, Rana temporaria, the ventrolateral spinal cord is innervated by serotonergic cells of the raphe nuclei around the time of hatching, G 22 (Gosner 1960; stage 22) (Woolston et al. 1994) . These investigators determined that the serotonergic system is established and functional at the time of hatching, and that it modulates swimming activity in the newly hatched tadpoles. In another study by using high performance liquid chromatography (HPLC), levels of biogenic amines were measured in the metamorphic frogs Bufo bufo and Rana nigromaculata. Levels of amines, including serotonin, were found to gradually increase through development but serotonin levels rose substantially during the climax of metamorphosis (Takeda 1997) .
In frogs it appears that the serotonergic system is essential for at least some of their major life history events (e.g., hatching, metamorphosis) and frogs have certainly evolved a number of various and fascinating life history modes (Pough et al. 1998; Zug 1993; Duellman and Trueb 1986) . Although there are many variations in life history, most frogs undergo metamorphosis, which results in dramatic modifications in virtually all aspects of their biology. However, some species of anurans have evolved a mode of development, whereby the free swimming tadpole stage is absent and the embryos directly develop into neonate frogs. In most vertebrates direct development is the typical mode, yet in anurans, metamorphosis remains the most pervasive mode of development. Research on metamorphosis has been widely studied for many years (Gilbert et al. 1996) , whereas investigations on directly developing frogs have been relatively recent and most have utilized the frog, Eleutherodactylus coqui.
The Puerto Rican Coquı´frog, E. coqui, is a directly developing anuran that has no aquatic tadpole stage and hatches directly as a terrestrial anuran. This frog exhibits many developmental modifications from the metamorphic anuran pattern including: repatterned skull development (Hanken et al. 1992) , modified operculcum development and ontogenetic reorganization (Callery and Elinson 2000b) , absence of the larval olfactory organs (Jermakowicz et al. 2004) , early thyroid gland development (Jennings and Hanken 1998) , and a T 3 -dependent developmental period, similar to what occurs during metamorphosis (Callery and Elinson 2000a ; for reviews see Hanken 1999; Callery et al. 2001; Elinson 2001) .
Several studies have focused on the developmental neurobiology of E. coqui. Many ancestral (larval) characters during peripheral nerve development have been omitted and the onset of limb and trunk innervation occurs in the early embryonic stages (Schlosser and Roth 1997b) . The spinal cord development exhibits an accelerated ontogeny during embryogenesis, relative to other parts of the central nervous system, and displays rapid growth, high levels of cell proliferation and neurogenesis, and early formation of lateral motor columns (Schlosser 2003) . These events are probably related to the precocious development of limbs in E. coqui, which are a mosaic of apparently conserved and novel features (Hanken et al. 2001; Schlosser 2003) . Further developmental modifications in the nervous system of E. coqui include rapid retinal development, occurring without recapitulating the larval developmental pattern expressed in metamorphic taxa (Schlosser and Roth 1997a) and the loss of the lateral line system, due to the lack of ectodermal competence to form lateral line placodes in response to the inductive signals (Schlosser et al. 1999) .
Many characteristics, neural and non-neuronal, have been eliminated or altered during the evolution of directly developing frogs. The objective of this study is to determine the ontogeny of the central serotonergic neurons in the directly developing frog, E. coqui, and to compare this ontogenetic pattern with metamorphic frogs and other vertebrates. This study utilized immunocytochemistry to ascertain the temporal and spatial patterns of serotonergic development in the brain.
Materials and methods

Animals
Embryos of E. coqui were obtained from spontaneous mating between wild-caught adults from Puerto Rico and maintained as a laboratory breeding colony in the Department of Psychology at the University of Michigan. Animals were kept on a 12:12 h. photoperiod, fed live crickets (dusted with vitamin and mineral powder) three times a week, and maintained at 30-21°C (daynight) in moist and humid terraria. Adult E. coqui were captured at the El Verde Field Station, Puerto Rico, under permits (DRNA: 01-IC-34; 02-IC-067; 03-IC-065) issued by the Departmento de Recursos Naturales, Puerto Rico. Embryos were staged according to Townsend and Stewart (TS 1-15; 1985) that describes and characterizes 15 embryonic stages from oviposition to hatching and has been instrumental in nearly all of the developmental studies on E. coqui. Care of all the animals was conducted in accordance with the regulations of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the University of Michigan UCUCA.
Immunocytochemistry
Embryos were anesthesized using a benzocaine (0.001%) solution and fixed with 4% paraformaldehyde in a 0.1 M phosphate buffer solution (PBS), pH 7.4 for 4 h and the brains were prepared for either paraffin embedding or frozen (cryostat) sectioning.
Paraffin sections
Skulls were rinsed in 0.1 M PBS (pH 7.4), dehydrated, cleared, and embedded with paraffin. Brains were sectioned at 10 lm using a rotatory microtome and mounted on slides, deparaffinized, rehydrated in an ethanol series, and placed into three changes of 0.1 M PBS (pH 7.4). Slides were placed in a peroxide solution (60 ml 3% peroxide/140 ml PBS) for 10 min to quench endogenous peroxidase activity and rinsed in 0.1 M PBS (pH 7.4). Normal goat serum (10% NGS, Vector Laboratories) was applied to the tissue on the slides for 15 min at room temperature. The tissue was incubated with primary antisera, rabbit anti-serotonin (Dilution 1:100; Protos Biotech Corporation), which is highly specific to formaldehyde-fixed serotonin (Janusˇonis 2004) , and in 0.1 M PBS (pH 7.4) overnight at 4°C in a humidity chamber. Following the primary incubation, slides were rinsed in PBS and the brain tissue incubated for 1 h in a biotinylated goat anti-rabbit secondary (Dilution 1:200; Vector Laboratories). Slides were rinsed in PBS and then exposed to an avidin-biotin reagent (ABC Elite Kit, Vector Laboratories) for 1 h, again rinsed in PBS, and then reacted with diaminobenzidine tetrahydrochloride (DAB; Sigma) and hydrogen peroxide.
Frozen sections
Frozen brains were placed in a 0.1 M PBS/10% sucrose solution until they sank, then again in 0.1 M PBS/20% sucrose solution until they sank, embedded in a mixture of 20% sucrose/5% gelatin or O.C.T. compound, frozen on dry ice, and sectioned at 20 lm on a sliding microtome. Brain slices were then rinsed in three changes of 0.1 M PBS (pH 7.4). Free-floating sections were placed in a peroxide solution (60 ml 3% peroxide/140 ml PBS) for 10 min to quench endogenous peroxidase activity and rinsed in 0.1 M PBS (pH 7.4). Normal goat serum (10% NGS, Vector Laboratories) was applied to the tissue for 15 min at room temperature. Sections were incubated with primary antisera, rabbit anti-serotonin (Dilution 1:100; Protos Biotech Corporation) and 0.3% Triton X-100 in PBS overnight at 4°C in a humidity chamber. Subsequent to primary incubation, sections were rinsed in PBS and incubated for 1 h in a biotinylated goat anti-rabbit secondary (Dilution 1:200; Vector Laboratories). Sections were rinsed in PBS and then exposed to an avidin-biotin reagent (ABC Elite Kit, Vector Laboratories) for 1 h, rinsed again in PBS, and then reacted with diaminobenzidine tetrahydrochloride (DAB; Sigma) and hydrogen peroxide.
Controls for both approaches included the following: (1) substitution of rabbit serum for the primary antisera (rabbit anti-serotonin), (2) exposing the primary antisera (anti-serotonin) with a high concentration of serotonin, (3) omission of the primary antibody, and (4) substitution of PBS for the secondary antiserum and DAB. All controls displayed results that the primary antiserum was highly specific to formaldehyde-fixed serotonin.
Serotonin-immunoreactivity
The antibodies against serotonin used in the present study revealed a pattern of immunostaining in the brain that was consistent among frogs of the same stage. Both paraffin embedded tissue and free-floating sections produced quality immunostaining and essentially no difference was noted between the two methods. In this report, serotonin cells and fibers are first described when immunopositive staining is initially detected. However, it should be noted that although immunohistochemistry detects serotonergic cells at specific points in development these cells may have been present before immunodetection.
Many neurons that produce neurotransmitters either migrate before they become fully functional and/or require time and maturation to express the transmitter phenotype (Verney 2003; Patel and Zhou 2005) . Anatomical terminology came from the following reports: Adli et al. (1999) , Opdam et al. (1976) , Scalia (1976) , and Neary and Northcutt (1983) .
Results
TS 6-8
The first densely immunoreactive neurons are detected in the developing rhombencephalon at TS 6 (Fig. 1a, d ). Clusters of serotonergic cells occur in the raphe nuclei, located on both sides of the midline. Morphologically, serotonergic cells are primarily round to ovoid with some possessing short immunoreactive processes that are typically oriented in a mediolateral direction. By TS 7 in the rostral rhombencephalon region, immunopositive cells are visible in the developing reticular nuclei (Fig. 1c) . These serotonergic cells are located in the ventrolateral portion of the brain stem, lateral to the superior raphe. Morphologically, these neurons are round to ovoid, and some possess small, mediolaterally oriented immunostained processes. Serotonergic fibers are present in the raphe and reticular nuclei, between the two nuclei, and laterally along the ventral border of the brain (Fig. 1a, d ). However, no immunoreactive fibers cross the midline and contact contralateral serotonergic cells in the hindbrain. Immunopositive fibers also project rostrally to the lateral and ventrolateral portions of the forebrain (Fig. 1a) and caudally to the rostral and mid spinal cord regions (Fig. 1a, e) .
The most rostral group of serotonergic neurons is detected at TS 7 in the primordium of the paraventricular organ in the hypothalamus (Fig. 1a, b) . The number of serotonergic cells at this stage of development in the paraventricular organ ranges between two and four per embryo. The cells are ovoid, possess short immunopositive processes (most oriented horizontally), and are located at the surface of the third ventricle, adjacent to the ependymal layer, or one to two cell layers deep.
By the termination of TS 8, the number of serotonergic neurons increases to six to eight per embryo in the paraventricular organ, where a few (1-2) immunopositive cells occur in the posterolateral portion of the paraventricular organ adjacent to the nucleus infundibularis. In the rhombencephalon, serotonergic cells of the superior raphe nuclei form two triangular groups of cells lateral to the midline. Rostrally, these cells overlap with the laterally located immunoreactive cells in the developing reticular nuclei at the mesencephalon-rhombencephalon border, and caudally, abut with the serotonergic cells of the inferior raphe nuclei at the midline of the brain stem in the region of the developing cerebellum. The inferior raphe nuclei form two dense, vertical columns of immunostained cells (Fig. 1d ) that merge together at the midline near the ventral surface. The number of serotonergic cells in the superior raphe nuclei is greater than the number in the reticular or the inferior raphe nuclei. Numbers of immunopositive fibers remain low but are most persistent in the lateral regions surrounding the developing reticular and superior raphe nuclei.
TS 9-12
The number of immunopositive cells continue to increase in the paraventricular organ. Cells are either flush with the ependymal layer of the third ventricle or one to two cells deep, and are located in the ventral one-third of the developing third ventricle (Fig. 2a, b) . Cells display short processes (unipolar or bipolar) that are oriented mediolaterally. By TS 10, immunoreactive processes from the neurons in the paraventricular organ appear to contact, or are in close proximity to the cerebrospinal fluid of the third ventricle.
At TS 10, numbers of serotonergic cells in the reticular nuclei increase slightly and continues to be distributed in lateral locations in the developing ventral mesencephalon-rhombencephalon. Increases in the immunopositive cells also occur in the superior raphe nuclei that remain as two groups of neurons straddling the midline (Fig. 2c) . Serotonergic cells at the rostral end of the superior raphe remain medially adjacent to the immunopositive cells of the reticular nuclei. The serotonergic cells at the caudal end of the superior raphe form an essentially continuous longitudinal line of cells with the inferior raphe neurons (Fig. 2a) . Cells in the inferior raphe also exist in two columns (Fig. 2d) , but eventually merge into one at the midline in the developing myelencephalon.
By TS 12, the width of the third ventricle in the region of the paraventricular organ decreases as the volume of the hypothalamus increases during development. The number of serotonin cells in the paraventricular organ increases twofold from TS 10 (Fig. 3a, b) . These cells are intensely stained, and are two or three cells deep, lining the ependymal wall of the third ventricle in the paraventricular organ. Immunoreactive processes are visible projecting from these cells into the ventricle and contacting cerebrospinal fluid (Fig. 3b) . Immunopositive cells increased in the caudal paraventricular organ, and a chain of serotonergic cells, spanning rostral to caudal is present within this nucleus (Fig. 3c) .
The number of serotonergic cells continues to increase gradually, approximately 50% more than TS 10 in both reticular and raphe nuclei (Fig. 3a, d ). Serotonergic cells in the reticular nuclei have continued to extend laterally in the brain and are dispersed in the ventral and ventrolateral mesencephalic and metencephalic regions (Fig. 3d) . Serotonergic cells of the superior raphe nuclei continue to straddle the midline of the brain and remain continuous with the serotonergic cells of the inferior raphe nuclei, which continue as the most caudal immunopositive neurons. Numbers of immunoreactive fibers increase in the hindbrain. A delicate network of varicose fibers surrounds immunopositive and non-labeled cells in the reticular and raphe nuclei, and spans across the ventral (including the interpeduncular nucleus), ventrolateral, and lateral hindbrain regions.
TS 13-15
The later stages of embryogenesis are characterized by the formation of distinct serotonergic hindbrain nuclei and extensive increases in serotonergic cells and fibers. The number of serotonin cells in the paraventricular organ increases approximately 150% by TS 13 and 300% by TS 15 and forms multiple layers around the circumference of the ventricle. These cells are densely immunostained, with processes projecting medially into the third ventricle. Serotonergic cells also increase in the caudal portion of the paraventricular organ, adjacent to the nucleus infundibularis. By TS 15, a continuous line of serotonergic cells, posterolaterally oriented, spans the entire rostral-caudal axis of the paraventricular organ (Fig. 4a, b) .
By TS 13, serotonergic immunoreactive cells form discrete clusters within specific reticular nuclei starting at the level of the optic tectum in the mesencephalon. Serotonin neurons are present and abundant within the nuclei reticularis pontis oralis pars medialis and pars lateralis along the ventral and ventrolateral margin of the developing brain stem (Fig. 5b, d ). Many of these serotonergic cells have dendritic arborizations oriented in a dorsomedial-to-ventrolateral direction (Figs. 4c, 5d ). Serotonin cells are also found within the nuclei reticularis paragigantocellularis, reticularis magnocellularis, and reticularis gigantocellularis (Fig. 5b, d ). These immunopositive cells are closer to the midline than other reticular serotonin cells and most possess horizontally oriented processes. Serotonin cells within these reticular nuclei are clustered close together and adjacent to the serotonergic cells of the superior raphe nuclei.
Immunopositive cells are also visible in the superior raphe nuclei adjacent on either side of the midline, at the level of the caudal mesencephalon, and extend to the level of the cerebellum where they merge with serotonergic cells of the inferior raphe nuclei (Figs. 4a,  5a ). Serotonin cells within the rostral portion of the superior raphe are essentially arranged as two columns, but then blend together in the caudal region prior to their union with the serotonin cells in the inferior raphe (Fig. 4d, e) . Many of these caudal perikarya have vertically oriented possesses, some of which project dorsally to the fourth ventricle (Fig. 5b,  c) and ventrally to the white matter of the brain stem (Fig. 4d) . Likewise, immunostained cells in the inferior raphe nucleus also have vertical processes, which are ventrally directed (Fig. 4e) . By TS 15, a continuous cluster of serotonergic cells spans from the superior raphe nuclei rostrally and terminates in the inferior raphe nuclei at the level of the obex (Figs. 4a, 5a) .
Numerous serotonergic varicosities are present in the interpeduncular nucleus (Fig. 4d) . Within this nucleus, varicosities are dense, and vertically oriented immunostained processes span dorsoventrally through the nucleus to the serotonergic cells of the superior raphe nuclei. Also, dense accumulations of varicose fibers are present in the solitary nucleus (Fig. 4e) . Immunostained fibers occur past the level of the obex and project caudally in the white matter of the ventral and ventrolateral zones of the spinal cord. Increases in the serotonergic fibers are substantial in the hindbrain but are also very numerous in telencephalic and diencephalic regions (Figs. 4a, 5a ).
Discussion
This immunocytological study examined the ontogeny of the central serotonergic system in the directly developing frog, E. coqui. This anuran lacks the free-swimming, larval stage (tadpole) typical of most frogs and directly develops into the adult phenotype. Initial serotonergic neurons occur at TS 6 (early-mid embryogenesis) in the developing raphe nuclei of the rhombencephalon. Serotonergic perikarya are located in the paraventricular organ of the hypothalamus and in the reticular nuclei of the hindbrain at TS 7. Immunopositive fibers are detected in the hindbrain, hypothalamus, and lateral forebrain regions shortly after the appearance of the initial serotonin cells (TS 6-7). Serotonergic neurons, fibers and varicosites Fig. 2 a-d Serotonergic development in E. coqui in the hypothalamus and hindbrain regions at TS 10. a Schematic drawing displaying a sagittal section through the brain of E. coqui at TS 10 illustrating the position of serotonergic neurons (black ovals) and fibers (lines) and the location of transverse sections for figures  (b-d) . OT, optic tectum; PVO, paraventricular organ; RaI, inferior raphe nuclei; RaS, superior raphe nuclei; bar = 200 lm. b Transverse section through the hypothalamus of E. coqui at TS 10 displaying the increase in immunopositive neurons in the paraventricular organ since TS 7. v, third ventricle; bar = 45 lm. c Transverse section displaying the distribution of serotonergic cells in the developing superior raphe nuclei (RaS); bar = 60 lm. d Transverse section in the rhombencephalon displaying two columns of serotonergic neurons in the inferior raphe nuclei (RaI). bar = 60 lm gradually increase during early-mid to mid embryonic development. However, during the latter stages of embryogenesis (TS 13-15) substantial growth in the serotonergic system takes place. This growth includes increased numbers of serotonin cells in the paraventricular organ, reticular, and raphe nuclei, differentiation of reticular nuclei, and a dramatic bloom of serotonergic fibers and varicosities in the brain.
Vertebrate serotonergic development
Vertebrate lineages display similar neuroanatomical patterns in serotonergic development; however, differences are noted to the relative timing and the temporal sequence of serotonergic structures, especially in the diencephalic nuclei. In tetrapods, the first immunostained serotonergic cells occur in the hindbrain. Investigations in the rat indicate that the first immunopositive cells occur in the superior raphe nuclei (B5-B9) in the midbrain and pons by E13 (gestation = 21 days; E1-E21). Detection of serotonergic neurons in the medulla or inferior raphe group (B1-B3) occurs 1-2 days following the initial appearance of the B4-B9 complex (Lidov and Molliver 1982; Wallace and Lauder 1983) . In the mouse, the first immunopositive perikarya are detected at E12.5 (gestation = 21 days; E1-E21) in the hindbrain (Ballion et al. 2002) . Serotonergic cells develop early in chicken with the first immunopositive cells occurring at E4 (incubation = 21 days; E1-E21), and by E5, serotonergic cells are observed throughout the brain stem (Wallace 1985; Sako et al. 1986; Okado et al. 1992) . Initial immunopositive cells in E. coqui appear at TS 6; embryonic development is divided into 15 stages Fig. 3 a- (Townsend and Steward 1985) , and TS 6 correlates to approximately 33% of embryonic development (each stage is not temporally equal). Judging or comparing only the stage number, chick serotonergic development appears much earlier than other vertebrates since, E4 correlates approximately to 19% of embryogenesis, compared to $33% (TS 6) in E. coqui, $60% (E12.5) in the mouse, and $62% (E13) in the rat. However, if serotonergic development is compared with another developmental event, e.g., somite development, a different prospective appears. At TS 6 in E. coqui, all somites have segregated and are undergoing differentiation (Schlosser and Roth 1997b) , at E4 in chicks, all somites have also segregated, at E12.5 in the mouse, Fig. 4 a-f Serotonergic development in E. coqui in the hypothalamus and hindbrain regions during late embryogenesis. a Schematic drawing displaying sagittal sections through the brain of E. coqui at TS 13 and TS 15 illustrating the increase and position of serotonergic neurons (black ovals) and fibers (lines) and the location of transverse sections for figures (b-e) at TS 15. OT, optic tectum; PVO, paraventricular organ; RaI, inferior raphe nuclei; RaS, superior raphe nuclei; bar = 250 lm. b The paraventricular organ has several layers of serotonin cells (arrowheads) surrounding the third ventricle. A posterolateral line of immunopositive neurons (arrows) is also present. v, third ventricle; transverse section; bar = 50 lm. c A high magnification of the nucleus renticularis pontis oralis, pars medialis (RPoOm) displaying dorsomedial-to-ventrolateral dendritic orientation. Numerous varicose fibers (arrows) and processes are present. transverse section; bar = 30 lm. d Immunostained neurons of the superior raphe nuclei (RaS) exhibit ventrally oriented processes and numerous varicose fibers. The nucleus interpeduncularis (between arrowheads) is laden with immunostained fibers (arrows), some that encircle non-labeled cells (arrow with asterisk). v, ventricle; transverse section; bar = 50 lm. e Transverse section displaying the caudal region of the hindbrain with immunopositive neurons present in the inferior raphe nucleus (RaI). A cluster of immunostained serotonergic fibers are present in the nucleus solitaries (NSol). v, fourth ventricle; bar = 65 lm. f High magnification of the lateral hypothalamus at TS 13 displaying immunopositive fibers (arrows) and varicosities (arrowheads); transverse section; bar = 15 lm somites 52-54 of 60 segregate, and at E13 in the rat, somites 46-48 of 65 are segregating. Thus, using somite development as a reference point, hindbrain serotonergic development is relatively earlier (slightly) in rats, and to some extent in mice, than the chick or E. coqui.
In contrast to the brain stem regions, hypothalamic serotonergic cells appear later in both chickens and E. coqui. Serotonergic cells are absent in the hypothalamus during development in mammals. In chicks, cells are detected in the paraventricular organ between E9-E12 (Wallace 1985) or E10 (Sako et al. 1986 ), which correlates around the time of toe phalange development and increase in toe length. In E. coqui, immunopositive cells occur in the paraventricular organ at TS 7 which is concurrent with digit development as well (Townsend and Steward 1985) . Thus, in E. coqui and chicks hypothalamic cells develop or at least become immunopositive for serotonin around the time of limb development.
Teleost possess the general vertebrate serotonergic design, containing clusters of neurons in the hindbrain (superior and inferior raphe) and diencephalon. In the zebrafish (Danio rerio), immunopositive serotonergic neurons are first detected in the diencephalon (posterior tuberculum) one day after fertilization ($33% of embryonic development) and in the superior raphe nuclei after two days ($66% of embryonic development) (McLean and Fetcho 2004) . After 3 days, during which time hatching takes place, the raphe neurons already Fig. 5 a-e Serotonergic development in E. coqui during the final stage in embryogenesis, TS-15. a Schematic drawing of a sagittal section through the brain of E. coqui at TS 15 displaying the abundance and position of serotonergic neurons (black ovals) and fibers (lines), and the location of transverse sections for (b) and (d). OT, optic tectum; PVO, paraventricular organ; RaI, inferior raphe nuclei; RaS, superior raphe nuclei; bar = 250 lm. b A low magnification photomicrograph of the hindbrain displaying the serotonergic cells in the newly differentiated reticular nuclei. The nuclei reticularis pontis oralis pars medialis (RPoOM) and pars lateralis (RPoPL) occur in the more lateral regions and the nuclei reticularis paragigantocellularis dorsalis (Rpgcd) and lateralis (Rpgcl) are in more medial locations and closer to the superior raphe (RaS); bar = 50 lm. c An enlargement of a immunostained process (arrowheads) in the hindbrain leading to the ependymal surface (arrow) in the fourth ventricle. Immunopositive cells from the superior raphe nucleus (RaS) are also visible; bar = 20 lm. d A low magnification photomicrograph of the hindbrain displaying the laterally located nucleus reticularis pontis oralis, pars medialis (RPoOM), the more medially oriented nucleus reticularis magnocellularis (Rmc), one large serotonergic neuron in the nucleus reticularis gigantocellularis (RGc), and the superior raphe group (RaS); bar = 50 lm project to the 10th-15th myotomal level. The initial appearance of serotonergic cells (posterior tubuculum) occurs after all somites have segregated (Kimmel et al. 1995) . Again using somite development as a reference point, this development correlates temporally more with the chick and E. coqui than mammals, at least with rats and mice. Variations in serotonergic development certainly exist among teleost fish and they also display some disparity from tetrapods (Ekstro¨m et al. 1985; Bolliet and Ali 1992; Bolliet et al. 1994) . Diencephalic nuclei are typically (but not always) the first to contain serotonergic cells and there is a broad temporal range for the initial appearance of serotonergic cells, which is at least partially connected to differences in temperature during embryonic development.
Fiber development in E. coqui also commences shortly after the appearance of serotonin perikarya, and by TS 8, fibers are visible in the lateral diencephalon, in the hindbrain surrounding the raphe nuclei, and projecting caudally in the spinal cord. Numbers of serotonergic fibers and varicosities gradually increased throughout early-mid and mid embryonic stages. However, substantial increases in fibers and varicosities occurred at TS 13 and continued throughout the late embryonic stages TS 14-15. The amount of serotonergic growth that transpired during late embryogenesis was similar to what occurs in aves (Wallace 1985) and mammals (Lidov and Molliver 1982; Wallace and Lauder 1983) but takes place during the late embryonic stages, not mid-late, and over a somewhat shorter time span. In the teleost fish, fiber development also occurs during embryogenesis and both ascending and descending tracks are well-developed by the time of hatching in most taxa (Ekstro¨m et al. 1985; Bolliet and Ali 1992; Bolliet et al. 1994; McLean and Fetcho 2004) . In fact, the serotonergic system is one of the first neurotransmitter systems to develop in the zebrafish whereby, immunopositive fibers are detected very early in development.
Variations in vertebrate ontogeny exist but an important factor is that most components of the serotonergic system are recognized prior to the birth or hatching regardless of the state of the embryo, whether precocial (chicks and E. coqui) or altricial (rats and mice). In fact, the system is developed enough in mice at E16.5 to elicit serotonin-induced rhythmic motor activity prior to birth (Ballion et al. 2002) and newly hatched zebrafish larvae have major aminergic transmitters systems functioning while the fish elicits many behaviors including locomotion and predator avoidance (McLean and Fetcho 2004) . Similarly, if the newly hatched E. coqui neonates are subjected to potential threats they have the physiological capability to flee from the nest site, at which they normally remain for 3-5 days (personal observation). This should not infer that postembryonic development and maturation does not occur in the serotonergic system because such changes do occur in vertebrates. Many synaptic connections and receptor expressions require additional time for development (Okado et al. 1992) . Further physiological adjustments and maturations also occur following the birth or hatching in rat, chick, and mouse brains (Rajaofetra et al. 1989; Summers et al. 1991; Okado et al. 1992; Ekstro¨m 1994; Ballion et al. 2002) . In fact, alterations in serotonin metabolism and increases in varicose fibers are detected in E. coqui after hatching (Ten Eyck et al. 2005) . Nevertheless, whether neonates are proecocial or altrical, or needing subsequent physiological and/or morphological development, there appears to be selection in vertebrates for a complete and functioning serotonergic system at the time of birth or hatching.
Anuran serotonergic development: metamorphosing vs. directly developing frogs
The general anatomical pattern of the central serotonergic system in E. coqui is very similar to metamorphic frogs including Xenopus laevis and several ranid species (Parent 1973; Ueda et al. 1984; van Mier et al. 1986; Adli et al. 1999) . Serotonergic groups are found in the superior and inferior raphe, reticular nuclear groups, and the paraventricular organ. Additionally, the neuroanatomical pattern of reticular nuclei in E. coqui is similar to R. pipiens in both neuronal characteristics and orientation of fibers, especially the reticular nuclei, pontis oralis pars medialis and lateralis, paragigantocellularis dorsalis and lateralis, magnocellularis, and gigantocellularis (Adli et al. 1999) . Adli et al. (1999) found that ranid reticular formation is complex in organization and very similar to amniotes. In fact, these investigators hypothesized that many of the nuclei are homologous to mammalian nuclei and consequentially use mammalian terminology in their descriptions. This appears to indicate that anurans, both metamorphic and directly developing, share the apparent conserved tetrapod pattern of the reticular formation.
Similar to developing fish larva (McLean and Fetcho 2004) , serotonergic development in X. laevis tadpoles occurs early and rapidly. Van Mier et al. (1986) discovered serotonergic neurons, some with caudally oriented processes, in the basal plate adjacent to the midline at stage NF 28 (Nieuwkoop and Faber 1956) . At NF 28, somites 20-22 of $45 have segregated in the developing tadpole when these initial serotonin cells appear, which makes serotonergic development in X. laevis earlier than any other vertebrate so far examined. In E. coqui, initial immunopositive cells appear at TS 6, which is after all the somites have segregated and are undergoing differentiation (Schlosser and Roth 1997b) . Immunopositive processes appear shortly thereafter and descend into the spinal cord. Thus, with somite development as a reference point, hindbrain serotonergic development in E. coqui trails that of the metamorphic frog, X. laevis; however, both developmental modes display similar neuroanatomical organization and ontogenetic pattern.
Hindbrain serotonergic neurons are also detected early in the metamorphic frog, R. temporaria (Wool-ston et al. 1994 ). Similar to X. laevis, by the time of hatching (G 20; Gosner 1960) there is a large cluster of cells in the raphe nuclei of the hindbrain. Both ascending and descending axons from the raphe group are present in the brainstem and spinal cord, respectively. This study focused on the modulation of locomotor rhythmicity and found that serotonergic projections in the ventrolateral aspect of the spinal cord are present by the time tadpoles hatch. Several investigators have proposed that serotonin, as well as other monoamine transmitters, might be responsible for much of the flexibility of larval swimming or early locomotor activity that enables the larva to swim and avoid predators (Woolston et al. 1994; Sillar et al. 2002) . E. coqui embryos are encapsulated in an egg covered by a gelatinous membrane, however, beginning at TS 6/7 embryos begin to thrash their tails and by TS 10, start to flex and twitch their legs (Townsend and Stewart 1985) . This locomotor activity is initiated at the time when serotonergic perikarya are detected in hindbrain and both ascending and descending axons are present. Locomotion may also be enhanced due to the accelerated development of the spinal cord in E. coqui, especially between TS 4 and TS 9, where high levels of cell proliferation and neurogenesis occur as well as the early formation of the lateral motor columns (Schlosser 2003) . Furthermore, by the time E. coqui hatches, the peripheral nervous system has innervated skeletal muscles (Schlosser and Roth 1997b) . Thus, with the combination of accelerated development of the spinal cord, peripheral nerve innervation, and the presence of a serotonergic system (as well as other neurochemical systems, e.g., catelcholamines, unpublished data) movement occurs in these developing frogs even without a swimming tadpole stage.
Serotonergic cells are also detected in the hypothalamus, specifically the paraventricular organ, in metamorphic frogs and E. coqui (Parent 1973; Ueda et al. 1984; van Mier et al. 1986; Adli et al. 1999) . Immunocytochemistry has demonstrated that processes of these serotonergic cells projected medially into the third ventricle, contacting cerebral spinal fluid (CSF). This has also been described in the case of the dorsal raphe nucleus of the embryonic rat (Lauder et al. 1982) . Previous studies on catecholamine development in anurans also found neurons that possessed immunostained processes that contacted CSF (for review see Smeets and Gonza´lez 2000) . The function of these processes is hypothesized as an uptake mechanism for neurochemicals from the CSF into the perikarya of neurons in nonmammalian vertebrates (Nakai et al. 1977; Smeets and Gonza´lez 1990; Smeets and Steinbusch 1990; Smeets et al. 1991; Boularand et al. 1998) . Additionally, Lowry et al. (2003) demonstrated that serotonergic cells in the dorsomedial hypothalamus play an important role in the differential stress responsiveness in Lewis and Fischer rats.
Metamorphosing vs. directly developing frogs: developmental considerations
Metamorphosis is a life history period characterized by dramatic ecological, morphological, and physiological transformations (Gilbert et al. 1996; Tata 1996) . During metamorphosis a substantial increase of serotonin cells occurs in both hypothalamic and hindbrain nuclear groups along with increases of serotonergic fibers and varicosities in the brain (van Mier et al. 1986 ). Concentrations of monoamines and their metabolites fluctuate during metamorphosis (Norris et al. 1992; Takeda 1997 ) but levels of serotonin are highest during the climax of metamorphosis in the frogs, B. bufo and R. nigromaculata (Takeda 1997) . Interestingly, levels of serotonin are highest during the late stages of embryogenesis in E. coqui (Ten Eyck et al. 2005) . Metamorphosis and the later stages in direct development share an important characteristic: the rapid increase in serotonergic development within a relatively short temporal period. Another alteration that occurs in the serotonergic system during metamorphosis includes a change in serotonergic modulation of respiratory motor output for gill and lung ventilation (Kinkead et al. 2002) . Taken together, the events that occur during metamorphosis (or late embryogenesis) may indicate that serotonergic development is associated with, or dependent upon, thyroid hormone or other neurohormonal factors.
Jennings and Hanken (1998) examined thyroid gland development in E. coqui and found that the gland develops early (TS 10) and shortly thereafter, begins to accumulate follicular colloid. These morphological changes are comparable to metamorphic frogs but typically occur around the time of metamorphosis. Furthermore, a study examining thyroid hormone receptors, TRa and TRb, in E. coqui found that the thyroid hormone receptor, TRb, is up-regulated starting at TS 10 and then dramatically increases during the later stages (TS 12-15) of embryogenesis (Callery and Elinson 2000a) . This metabolic event is similar to what transpires during the climax of metamorphosis (Shi 1996; Tata 1996) , indicating that directly developing frogs still undergo a T 3 -dependent developmental period. Thyroid gland maturation and expression of TRb mRNA occur just prior to the expansion and maturation of the serotonergic system. These correlated developmental events also occur in X. laevis, not during embryogenesis, but during metamorphosis, when the serotonergic system is rapidly maturing. Additionally, it has also been demonstrated that thyroid hormone promotes up-regulation of other neuronal events such as neurogenesis in the spinal cord in X. laevis (Schlosser et al. 2002) .
Further developmental events occur in E. coqui during the later stages of embryonic development. Operculum development is modified and an ontogenetic reorganization, or condensation, occurs during embryonic development (Callery and Elinson 2000b) . This ontogenetic condensation occurs around mid to mid-late embryogenesis, TS 10, during which time opercular development, opercular extension and perforation, transpires within a few hours. In metamorphic frogs, opercular development can span weeks or months. Callery and Elinson (2000b) proposed that the period between TS 9 and TS 12 represents a time where the deletion of the tadpole from the ancestral, biphasic lifehistory occurred. During this period of development in the larval olfactory organ, a configuration observed in metamorphic frogs, has been eliminated in E. coqui (Jermakowicz et al. 2004) . Interestingly, during this period the serotonergic system undergoes a slow and gradual growth in E. coqui. It is not until after this proposed deleted period that the serotonergic system undergoes rapid maturation similar to the maturation that occurs during metamorphosis.
